Trichotillomania (TTM) is a disorder characterized by repetitive hair-pulling resulting in hair loss. Key processes affected in TTM comprise affective, cognitive, and motor functions. Emerging evidence suggests that brain matter aberrations in frontostriatal and fronto-limbic brain networks and the cerebellum may characterize the pathophysiology of TTM. The aim of the present voxel-based morphometry (VBM) study was to evaluate whole brain grey and white matter volume alteration in TTM and its correlation with hair-pulling severity. High-resolution magnetic resonance imaging (3 T) data were acquired from 29 TTM patients and 28 age-matched healthy controls (CTRLs). All TTM participants completed the Massachusetts General Hospital Hair-Pulling Scale (MGH-HPS) to assess illness/pulling severity. Using whole-brain VBM, between-group differences in regional brain volumes were measured. Additionally, within the TTM group, the relationship between MGH-HPS scores, illness duration and brain volumes were examined. All data were corrected for multiple comparisons using family-wise error (FWE) correction at p < 0.05. Patients with TTM showed larger white matter volumes in the parahippocampal gyrus and cerebellum compared to CTRLs. Estimated white matter volumes showed no significant association with illness duration or MGH-HPS total scores. No significant between-group differences were found for grey matter volumes. Our observations suggest regional alterations in cortico-limbic and cerebellar white matter in patients with TTM, which may underlie deficits in cognitive and affective processing. Such volumetric white matter changes may precipitate impaired cortico-cerebellar communication leading to a reduced ability to control hair pulling behavior.
Introduction
Individuals with trichotillomania (TTM, or hair-pulling disorder) recurrently pull out hair, resulting in hair loss and feelings of shame and embarrassment. The condition is associated with significant distress and/or impaired functioning in several domains (American Psychiatric Association 2013; Woods et al. 2006) . Recently, TTM was reclassified from an impulse control disorder in DSM-IV-TR to an obsessive-compulsive and related disorder (OCRD) in DSM-5, but it is possible that both impulsivity and compulsivity may underlie its psychopathology (Flessner et al. 2012) . In addition to the stereotyped motor routines characteristic of TTM, a psychobiological model proposes deficits in affect regulation, cognitive control, and behavioral addiction as further key domains . While the aetiology of TTM is not fully elucidated, there is emerging evidence for genetic and environmental underpinnings as well as neural correlates, such as brain regions involved in affect regulation, top-down cognition, and motor control.
Available functional neuroimaging data in individuals with TTM is scarce, but so far suggests that aberrations in frontostriatal and fronto-limbic brain networks and the cerebellum may underlie pathophysiology (Grant and Chamberlain 2016) . Findings of structural grey matter abnormalities in these networks are however inconsistent, with some studies reporting Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11682-019-00170-z) contains supplementary material, which is available to authorized users.
smaller volumes in cerebellum, amygdala, putamen and frontal gyrus, lower parahippocampal thickness as well as larger cuneus volume, and higher grey matter density in the striatum, amygdalo-hippocampal formation, and cingulate and frontal cortices in TTM compared to healthy controls (Chamberlain et al. 2008 Grachev 1997; Isobe et al. 2018; Keuthen et al. 2007a; O'Sullivan et al. 1997; Roos et al. 2015 ). In contrast, other studies did not find structural grey matter differences between TTM and healthy controls in striatal or cerebellar regions (Odlaug et al. 2014; Stein et al. 1997) .
Although white matter also constitutes these distributed neural networks connecting cortical, subcortical and cerebellar brain regions, alterations in white matter are understudied in TTM. The first assessments of white matter density have not revealed any significant group differences between TTM patients and healthy controls (Chamberlain et al. 2008 ). However, emerging evidence from a diffusion tensor imaging (DTI) study showed diminished white matter microstructure in TTM compared to healthy controls in the anterior cingulate, orbitofrontal, and primary somatosensory cortices, the temporal lobe, and supplementary motor area (Chamberlain et al. 2010) . Although a subsequent study did not replicate these findings, presumably due to the smaller sample size and resulting lower power, it reported a relationship between white matter integrity in fronto-striatal-thalamic pathways and TTM symptom duration and severity (Roos et al. 2013) .
To advance existent knowledge regarding structural neural correlates of TTM, the present study investigated grey and white matter volumetric differences between individuals with TTM and healthy controls, using voxel-based morphometry (VBM). We hypothesized structural abnormalities in frontolimbic-striatal and cerebellar volumes in TTM.
Methods

Participants and procedures
The study comprised of adult patients with a primary diagnosis of TTM (n = 29), and healthy controls (CTRL; n = 28). All participants were right-handed. Participants with a history of significant substance or alcohol abuse, psychosis, neurological illness, head trauma, or a contraindication to MRI were excluded from participation. Additionally, CTRLs were excluded if they had any current DSM-IV-TR disorder.
The protocol was approved by the Health Research Ethics Committee at Stellenbosch University (HREC Ref. M07/05/ 019) and the Human Research Ethics committee of UCT (HREC Ref. 261/2007) , and after a detailed description of the study, all participants provided written informed consent.
Participants were recruited by means of newspaper, poster and online advertisements, and referrals by psychologists and psychiatrists in the Cape Town area. They were screened telephonically and subsequently interviewed by a clinical psychologist at the MRC Unit on Risk and Resilience in Mental Disorders, Department of Psychiatry, Stellenbosch University. Patients with problematic hair-pulling were included, which was confirmed by completing the structured clinical interview for obsessive-compulsive spectrum disorders (SCID-OCSD; du Toit et al. 2001) . The Mini International Neuropsychiatric Interview Plus (MINI Plus) -version 5 (Sheehan et al. 1998 ), a structured diagnostic interview developed for DSM-IV and ICD-10 psychiatric disorders, was further used to assess comorbidity. Severity of TTM symptoms was assessed using the Massachusetts General Hospital Hair-pulling Scale (MGH-HPS; Keuthen et al. 1995) which comprises seven questions assessing behaviors and feelings over the past week, providing a total hair-pulling score as well as two factor scores for severity and resistance/control (Keuthen et al. 2007b ). The Clinical Global Impressions Scale (CGI; Busner and Targum 2007) was administered to assess the patient's current global functioning. Illness duration (in years) was also logged.
MRI image acquisition and processing
All participants underwent a whole-brain scan at one of two imaging centres in Cape Town. All CTRL and 17 of the TTM scans (58.6%) were acquired using a 3 T Siemens Allegra scanner at the Cape Universities Brain Imaging Centre at Stellenbosch University, South Africa. Here, a high-resolution, T1-weighted, 3D-MPRAGE sequence was used with the following scan parameters: TR = 2300 ms; TE = 3.93 ms; flip angle = 12°; FOV = 480x512x160mm, voxel size = 0.5 × 0.5x1mm.
After this imaging centre was closed permanently, the remaining 12 TTM scans were acquired using a 3 T Siemens Skyra scanner at the new Cape Universities Body Imaging Centre at the University of Cape Town, using a 3D-multi echo MPRAGE sequence with the following scan parameters: TR = 2530 ms; graded TE = 1. 53, 3.21, 4.89, 6 .57 ms; flip angle = 7°; FOV = 256x256x160mm; voxel size = 1x1x1mm. Potential confounds of scan differences were considered, as specified in the statistical analysis section.
Image processing steps and VBM analyses were conducted using the computational anatomy toolbox (CAT12) in SPM12 (Statistical Parametric Mapping). All nifti-converted T1 images were manually reoriented into the AC-PC plane, and initial visual quality check for signal artefacts was done. In one automated analysis step, T1 images were normalized to a high-dimensional Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) template in MNI space (Ashburner 2007) , and segmented into grey matter, white matter, and cerebrospinal fluid (CSF). After preprocessing, images were quality checked again, both visually and computationally with an integrated CAT12 module for sample homogeneity assessment and outlier identification. Before entering the images into a statistical model, image data were smoothed with an 8 mm 'Full Width Half Maximum' (FWHM) Gaussian kernel to reduce noise.
Statistical analysis
Statistical analysis of sample characteristics was performed using IBM SPSS 24. Assumption of normality of each variable was tested with the Shapiro-Wilk test, with nonparametric tests employed in instances where this assumption was violated. The TTM and CTRL study groups were compared across demographic variables using Mann-Whitney U and chi-square tests, as appropriate. Independent t-tests were used for comparison of global brain matter volumes and CSF, as data were normally distributed. For all analyses, p-values <0.05 were considered statistically significant.
VBM analyses of grey and white matter volumetric differences between TTM patients and CTRLs were performed in SPM12. A general linear model (GLM) was set up with age (log transformed) and total intracranial volume (TIV) added as covariates to adjust for potential confounding effects on brain volumetric analyses. Gender was not included as a covariate based on its exceedingly skewed distribution in both groups (males: 3% in TTM; 43% in CTRL). As TTM patients were scanned on two different scanners, we repeated the analysis including only study participants with the same scan acquisition at Stellenbosch University (TTM: n = 17, CTRL: n = 28). Further, to rule out a potential gender influence on significant results, we conducted a second follow-up analysis including only female participants in the cohort scanned at Stellenbosch University (TTM: n = 17, CTRL: n = 16).
To model positive and negative associations between brain matter volume and illness duration, MGH-HPS scores (total score and factor scores for severity and resistance/control) as well as individual hair-pulling ratings of interest from this scale (including control over hair-pulling, frequency of hairpulling, associated distress, and attempts to resist pulling), multiple regression models were created for the TTM group. These models were covaried for age, TIV, and differences in scan parameters. Family-wise error (FWE) corrected results meeting a voxel threshold empirically determined in each analysis (see Results) are reported.
Results
Demographics
Demographic characteristics of the two study groups are summarized in Table 1 . Statistical analysis revealed no significant group differences in age and education level or in overall volumes of brain matter and cerebrospinal fluid. However, gender and ethnicity distribution differed between groups.
As TTM predominantly affects women (up to 94%; for review see Snorrason et al. 2012) , our cohort comprised mainly CGI Clinical Global Impressions scale, MGH-HPS Massachusetts General Hospital Hairpulling Scale, MD median, M mean, SD standard deviation. Significant differences are highlighted in bold female patients and one male. The median age of onset of TTM was early adolescence, with 86% of patients reporting onset before or at the age of 18. Four TTM patients met criteria for the secondary diagnosis of specific phobia, with one of those also meeting criteria for obsessive-compulsive personality disorder. Three patients were stabilized on selective serotonin reuptake inhibitor treatment at the time of MRI acquisition.
VBM group comparisons
The GLM revealed statistically significant volumetric group differences, with TTM patients presenting with larger white matter volumes in the parahippocampal gyrus and cerebellum, and reduced white matter volume in the postcentral gyrus, relative to CTRLs. See Table 2 for results meeting the empirically determined cluster extent threshold of 57 voxels. When comparing only participants with matching scanner parameters (TTM: n = 17, CTRL: n = 28), the finding of larger white matter volumes in the parahippocampal gyrus (x,y,z = −32,2,-22; n = 18; z = 4.81; p FWE cluster = 0.027) and cerebellum (x,y,z = 19,-75,−38; n = 29; z = 4.74; p FWE cluster = 0.021) of TTM patients compared to CTRLs was confirmed, but not the smaller volume in the postcentral gyrus. This was also the case for the analysis including only female participants with the same scan parameters (parahippocampal gyrus: x,y,z = −32,1,-22; n = 321; z = 4.44; and cerebellum: x,y,z = 19,-74,−41; n = 415; z = 4.36). Due to the reduced sample size of this follow-up analysis (TTM: n = 17, CTRL: n = 16), results are statistically significant at the uncorrected level p < 0.0001, meeting the empirically determined cluster extent threshold of 100 voxels. In terms of grey matter volumes, no statistically significant differences were found between groups in the whole-brain analyses. An overview of grey matter group differences at an uncorrected p < 0.0001 can be found in the Supplementary Table 1.
VBM regression with hair-pulling severity scores
No significant associations were found between estimated white matter volumes (adjusted for age, TIV, and scan parameters) and illness duration or MGH-HPS scores (total and factor scores for severity and resistance/control).
Examining the TTM group for associations of white matter volumes with various hair-pulling severity ratings of interest separately, which included level of control over pulling, frequency of pulling, associated distress, and attempts to resist pulling, we found significant associations between larger temporal and cerebellar white matter volumes and fewer attempts to resist hair-pulling (see Table 3 and Fig. 1) . Results met the empirically determined cluster extent threshold of n voxels = 467.
Discussion
The main findings of this study were larger white matter volumes in the left parahippocampal gyrus and right cerebellum in TTM compared to CTRLs. While there were no significant correlations with illness duration and total pulling severity scores, significant associations between larger white matter volumes and fewer attempts to resist hair-pulling were found in the right middle temporal gyrus, right cerebellum and left lingual gyrus of participants with TTM.
These results are consistent with emerging evidence for cerebellar involvement in TTM; previously, aberrations in cerebellar grey matter structure as well as metabolism have been reported (Keuthen et al. 2007a; Swedo et al. 1991) . The cerebellum shares many bidirectional connections with cortical areas involved in the integration and coordination of sensorimotor information, language, affect and cognitive functioning; and cerebellar lesion studies have reported disturbances in these domains following disruptions in cortico-cerebellar connections (Baillieux et al. 2008 (Baillieux et al. , 2010 . Hence, structural abnormalities and dysfunction in the cerebellum are not specific to TTM but may play a significant role in various psychiatric disorders, including autism, major depressive disorder, obsessive compulsive disorder (OCD), and schizophrenia (Romer et al. 2018; Stoodley 2016) . We found larger white matter volumes in TTM versus CTRLs in the posterior cerebellum, including the posterior vermis (VIIb), pyramis (VIII) and uvula. These lobules have been suggested to be part of the (Keuthen et al. 2007; Romer et al. 2018 ). Our findings also indicated, when investigating the relationship between brain structure and TTM severity, a significant association between larger white matter volumes in the right middle temporal gyrus, left lingual gyrus, and right cerebellar hemispheric lobules VIIb, VIII, and crus I, and MGH-HPS scores on resistance to hair-pulling, with higher scores indicating higher TTM severity and fewer attempts to resist the urge to pull. Activity in the posterior vermis has previously been associated with drug craving and the processing of drug-related cues (in nearly all types of addictive drugs), this suggests a possible link between TTM and substance use disorders, consistent with the hypothesis that both substance use disorders and OCRDs involve both compulsivity and impulsivity (Flessner et al. 2012; Moreno-Rius and Miquel 2017) .
Several areas of the cerebellum (e.g. lobule VI, crus I and II, and the posterior vermis VIIb) have been suggested to play a substantial role in addiction processes, particularly, the unconscious prediction of drug availability and reward when presented with a drug cue, and interestingly, higher activity in the vermis in response to cues has been linked to relapse in heroin addicts (Miquel et al. 2016; Moreno-Rius and Miquel 2017; Moulton et al. 2014) . Additionally, the cerebellar vermis facilitates input integration from various brain regions with the aim of encoding the primary affective and motivational aspects of the cue to inform the response (Moreno-Rius and Miquel 2017). According to this perspective, cue exposure (e.g. an idea or image which relates to hair-pulling) would result in the development of an imagined anticipatory scenario (i.e. the kind one might implicate in focused pulling in TTM) aiding the response selection, or the priming or activation of brain regions associated with substance seeking and consummatory behaviors. This is arguably consistent with recent suggestions that cerebellar structures (particularly the vermis) are implicated in the disrupted reward processes involved in impulse control disorders (e.g. substance or behavioral addictions) and disorders on the compulsive spectrum (e.g. binge eating disorders) (Flessner et al. 2012; Moreno-Rius and Miquel 2017) .
Fewer attempts to resist hair-pulling also correlated with larger white matter volumes in the lingual gyrus, and structural alterations in this brain area have previously been linked to dysregulated cognition and emotion (Romer et al. 2018) . The lingual gyrus has also been implicated in inhibitory processes, such as top-down cognitive control or motor inhibition (Menon et al. 2001; Zhang et al. 2016) . In addition to deficits in motor inhibition in TTM , greater lingual grey matter volume or thickness were reported in patients and unaffected relatives (Grachev 1997; Odlaug et al. 2014) . The observed brain behavior relationships in the current study suggest that white matter alterations may represent maladaptive reorganization of sensorimotor and cognitive processing networks relative to TTM severity. That said, we did not find significant correlations with MGH-HPS total scores and factor scores for severity and resistance/control.
We further found larger white matter volumes in TTM in the left parahippocampal gyrus, a region in which our L left hemisphere, R right hemisphere, FWE Family-wise error corrected Fig. 1 Sagittal, coronal and axial slices illustrating a positive multiple regression in the trichotillomania (TTM) group, with fewer attempts to resist hair-pulling as covariate of interest, and age, total intracranial volume, and differences in scan parameters as covariates of no interest. Significant clusters (for details see Table 3 ) are corrected for multiple comparisons at the family-wise error p = 0.05. The colour bar represents z-statistic group previously reported lower cortical thickness compared to CTRLs (Roos et al. 2015) . As part of the limbic lobe, the parahippocampal gyrus receives input from widespread visual, somatosensory, auditory, and higher order multimodal association areas, and serves as an interface between the hippocampus and neocortex, and the amygdala (Suzuki 2009 ). With its functional involvement in encoding memories and forming associations, the parahippocampal gyrus may play a role in various psychopathologies, including dissociative disorder (Ehling et al. 2008) . Dissociative experiences are also often reported by patients with TTM and OCD (Lochner et al. 2004) or substance use disorders (Schäfer et al. 2010 ). The parahippocampus is further part of a brain network associated with internally-focused mental processes, and previous research has suggested greater activity and connectivity in this network contributing to the symptomatology in OCD (Stern et al. 2013) . TTM patients often use tactile cues to identify hair-pulling targets and the sensory experience of the hair being pulled converts initial tension to a state of relief or gratification. A previous DTI study found diminished microstructural integrity of white matter tracts in a network including the somatosensory brain region, responsible for motor generation and suppression as well as emotional processing (Chamberlain et al. 2010 ). The present study reports smaller white matter volume in the postcentral gyrus/primary somatosensory cortex, where the majority of somatosensory information is processed. However, this finding should be interpreted with caution, as it could not be confirmed with follow-up tests in subgroups.
Contrary to our hypothesis, we did not find statistically significant volumetric changes in fronto-striatal structures in TTM compared to CTRLs. In addition to previous research reporting inconsistent grey and white matter findings in this circuit (Chamberlain et al. 2010 Grachev 1997; Isobe et al. 2018; Odlaug et al. 2014; O'Sullivan et al. 1997; Roos et al. 2013; Stein et al. 1997) , functional neuroimaging could not provide evidence for cortico-striatal dysfunction in TTM during a serial reaction time task (Rauch et al. 2007 ). Such inconsistencies in brain imaging findings may have different origins, for example, in the (non-)matching of study groups, exclusion of comorbidities, choice of smoothing kernel size, scanner magnet strength, and severity of disorder. It should also be noted that in psychiatry research, sample size may be small and thus limiting. Hence, international consortia and multi-site projects that combine data from different sites are important. The merit of analysing pooled data in a harmonized way is obvious, especially concerning the enhanced power due to larger sample sizes. However, pooling data from different research sites may bear additional confounds. While there is an ongoing debate on the potential influences of acquisition parameters and scan sequences on brain structure analyses (as might be the case in the present study), the effects are generally considered minimal (Chen et al. 2014; Jovicich et al. 2009 ), and international multi-site analyses do not necessarily adjust for these effects (Isobe et al. 2018) . Additionally, the application of different imaging analysis tools or pipelines (the most commonly used pipelines being FSL, Freesurfer and SPM) may result in varying outcome (Fellhauer et al. 2015) . This, for example, was the case in the two analyses of the first pooled multi-site sample in TTM (both included about half of the participants of the present study; Chamberlain et al. 2018; Isobe et al. 2018) , where a Freesurfer and a FSL analysis of subcortical structures did not reveal the same significant results despite the overlapping data. As a possible explanation, it has been reported that some of the variability in reported research findings may stem from differences in sensitivity and accuracy of the various analysis pipeline algorithms for grey matter, white matter or subcortical structures (Eggert et al. 2012) . Such inconsistencies call for more harmonised processing protocols to reveal differences in particular brain structures in a given neuropsychiatric condition. Lastly, we may gain a better idea of brain abnormalities in mental disorders from using a multimodal approach rather than isolated methods and measures, as was most common in past psychiatry research.
Several limitations should be considered in the present study. The cross-sectional study design does not allow for inferences about the observed white matter structural aberrations constituting cause or effect of the disorder. Further, the reported abnormalities in TTM may have, to some extent, been confounded by effects of current and past medical treatment. However, due to the small number of medicated participants, such effects could not be evaluated. The observation that grey matter differences between TTM and CTRLs are statistically non-significant in the current study may suggest that sample size was too small to detect alterations in this brain substrate of individuals with TTM using VBM. Finally, by pooling scans with minor differences in scan parameters from two research sites in Cape Town, additional variation and confounds may have been introduced to the data. Yet, follow-up analyses including only participants with matching scanner parameters did confirm our cerebellar and parahippocampal findings. Gender distribution, especially in the control group, was a further limitation to the study. Additional follow-up analyses (Allegra 3 T only/female only) confirmed that cerebellar and parahippocampal findings were not due to the gender differences (however, only at uncorrected level p < 0.0001 as power was limited for a valid subgroup comparison). Another potential limitation is the group difference in terms of ethnicity; however, the group difference in this regard did not hold for the follow-up analyses in the smaller subset, and was thus not further addressed in the analyses.
In conclusion, the pathophysiology of TTM involves multiple neural pathways. Impairments in cortico-cerebellar communication may lead to reduced ability to control hairpulling behavior. Taken together, our observations suggest abnormalities in cerebral and cerebellar white matter subserving the somatosensory, memory, higher order association, and cognitive function domains in TTM patients. Future explorations of the relationship between localized structural abnormalities in white matter and the mediated functional domains are needed.
